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Abstract 
The treatment of large segmental bone defects remains a significant clinical challenge. Due to 
limitations surrounding the use of bone grafts, tissue-engineered constructs for the repair of 
large bone defects could offer an alternative. Prior to translation of any newly developed 75	
tissue engineering approach to the clinic, efficacy of the treatment must be shown in a 
validated preclinical large animal model. Currently, biomechanical testing, histology and 
micro-computed tomography are performed to assess the quality and quantity of the 
regenerated bone. However, in vivo monitoring of the progression of healing is seldom 
performed, which could reveal important information regarding time to restoration of 80	
mechanical function and acceleration of regeneration. Furthermore, since the mechanical 
environment is known to influence bone regeneration, and limb loading of the animals can 
poorly be controlled, characterising activity and load history could provide the ability to 
explain variability in the acquired data sets and potentially outliers based on abnormal 
loading. Many approaches have been devised to monitor the progression of healing and 85	
characterise the mechanical environment in fracture healing studies. In this article we review 
previous methods and share results of recent work of our group toward developing and 
implementing a comprehensive biomechanical monitoring system to study bone regeneration 
in preclinical tissue engineering studies. 
 90	
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Introduction 
Large segmental bone defects are difficult to treat and fail to heal on their own.1,2 Graft 
material is currently used to fill the defect and support regeneration, but is in short supply and 
associated with considerable donor site morbidity.3 Tissue engineering (TE) approaches 95	
promise an alternative but prior to clinical translation, newly developed TE strategies must 
first be proven in a suitable preclinical animal model. Large animals, typically sheep, because 
of their comparable anatomy and bone metabolism are suitable to develop models of high 
clinical relevance.4 It is a condition sine qua non that the efficiency and efficacy of the tissue 
engineered construct (TEC) is compared against the “gold standard” autologous bone graft 100	
(ABG). Assessment of bone regeneration in the defect and restoration of load bearing 
function is determined at a study end point (i.e. 12 months) by ex vivo biomechanical testing. 
Additionally, computer tomography and histology may be conducted to assess the quantity 
and quality of the newly formed bone. Whilst biomechanical testing at a study end-point can 
demonstrate that the regeneration in the defect is superior, equal or inferior to the “gold 105	
standard” in terms of strength and stiffness, it provides no measure of any acceleration of 
regeneration. This is particularly important when determining not just a substitute for bone 
graft but the most effective TE strategy. Monitoring the progression of healing is limited to 
longitudinal x-rays at defined time points. However, x-rays provide no measure of recovery 
of load bearing function. Intermediate time points for sacrifice can be performed to evaluate 110	
healing biomechanically at earlier time points and define a time course of functional 
recovery, but will significantly increase the cost, time and effort to conduct preclinical 
studies. Therefore, the possibility to monitor in vivo the recovery of mechanical function 
represents a significant improvement in the value of preclinical trials of TE strategies. 
Monitoring healing progression reveals healing events as they occur over time, allowing the 115	
healing rate to be detected (Figure 1, left). It also illustrates whether healing patterns between 
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or among groups are the same or different, and the nature of these differences. For example, 
results may demonstrate a period of slowed healing, or a sudden decline in tissue quality 
indicating a disruptive event (Figure 1, right). Such information would be particularly 
important for interpreting varied healing outcomes within treatment groups. 120	
Furthermore, the mechanical environment is known to influence bone regeneration5. The 
mechanical environment is determined by an interplay between the activity and load-bearing 
of the animal, the fixation and the mechanical properties of the TE construct. Whilst every 
attempt can be made to ensure standardisation and reproducibility with respect to the surgical 
procedure, fixation and the TE construct the activity of the animal can hardly be controlled. 125	
Within treatment groups there can be substantial variability in the healing results. Whilst a 
portion of this variability can be attributed to the individual differences (i.e. genetic) and 
surgical variation the portion attributable to differences in activity and mechanical 
environment is less well understood. Means to measure the animal activity and loading 
history could provide insights into whether statistical outliers in healing are a result of 130	
“abnormal” loading patterns rather than the performance of the TE construct. 
Over the last decades a number of methods for monitoring the progression of bone healing 
and characterising the mechanical environment have been developed. However, many of the 
methodologies have been too cumbersome to implement on a wider scale. The rapid 
development of technology, particularly in the field of microelectronics, sensors, batteries 135	
and wireless communication, highlights the need to explore past and emerging technologies 
to identify feasible solutions. In this article, we review previous methods and share results of 
recent work of our group toward developing and implementing a system to monitor the 
progression of healing and characterise the mechanical environment in preclinical TE studies. 
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Bone Regeneration and the Mechanical Environment 140	
Disruption to the continuity of the bone, whether by trauma, tumour or infection, results in an 
impaired ability of the bone to bear and transfer load as is required for skeletal movement. 
Bone regeneration therapies seek to aid in the restoration of load bearing function. Therefore, 
in monitoring the progression of regeneration and healing the mechanical integrity of the 
defect is the parameter of primary interest. The mechanical integrity is most commonly 145	
described by the stiffness or strength properties across the defect. 
The mechanical environment can be described at the body level right down to the tissue and 
cell level (). At the body level, the types of activity (standing, walking, postural changes etc) 
are considered. Each activity produces at the limb or bone level forces acting on the bone. 
These forces at the limb level create mechanical stimuli (strain, pressure, fluid flow, etc.) in 150	
the tissue that may impact cell function.6 
There is a relationship between the mechanical integrity of the healing defect (which alters as 
the healing tissue develops) and the mechanical environment which can be described as a 
feedback loop (Figure 2). A change in the mechanical integrity (stability) of the defect, feeds 
back into the mechanical environment with respect to the amount of load that can be 155	
withstood and the deformation response (i.e. the boundary conditions of the tissue). 
Furthermore, increased stability may encourage the animal to increase weight-bearing and 
activity thereby increasing limb-loading and the mechanical stimuli in the tissue. The 
feedback loop demonstrates why capturing the mechanical environment is imperative to 
monitoring the healing process.  160	
These relationships can also be used to capture the progression of healing itself, as both the 
biomechanical properties and mechanical environment change uniquely with time. As healing 
progresses, mechanical properties increase, tissue deformation decreases, load distribution 
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shifts from fixation to healing bone, and limb loading increases as gait returns to normal 
(Figure 3). Theoretically, either one of these parameters could be monitored to assess healing 165	
progression. However, practically the mechanical stimuli in the tissue cannot be measured in 
vivo, yet. Below, methods for monitoring stiffness, tissue deformation and limb loading are 
reviewed for their potential to monitor healing progression. To furthermore characterise the 
mechanical environment, methods for monitoring tissue deformation, limb loading and 
activity are also explored. 170	
Monitoring Healing Progression 
Stiffness 
Stiffness describes a material’s resistance to deformation under an applied load; greater 
stiffness equates to greater resistance to deformation. This property is important in materials 
like bone with a load bearing function and has been shown to increase within healing tissue 175	
as bone healing progresses.7–12 Monitoring stiffness has been performed in numerous fracture 
healing studies to investigate healing progression and in an attempt to determine a healing 
endpoint.7–9,11–20 Methods for measuring stiffness have been classified as either direct or 
indirect methods.21 
Direct methods typically measure fracture stiffness using a goniometer device, where fixation 180	
is removed during measurement and refixed afterwards. The goniometer measures the angle 
of deflection (θ) in the callus under an applied bending moment (F x L), allowing stiffness (k) 
of the healing callus to be calculated.17 This device has been used in a number of studies 
attempting to identify an end point to fracture healing.7,9,10,13,17,18 From stiffness 
measurements of over 200 tibial fractures, Richardson et al.17 were able to clearly 185	
demonstrate the potential of using regular stiffness measurements to capture healing 
progression. Plotting the stiffness against time reveals a sigmoid shaped curve for normal 
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healing.17 Stiffness initially increases gradually followed by a sharp increase before a plateau 
as the defect is bridged.  
Indirect methods determine stiffness as a function of fixator loading utilizing the load-sharing 190	
concept. This concept has been described by Evans et al.16 & Cunningham et al.8: considering 
the fractured bone and fixation device as a loaded system i.e. loading will be shared between 
bone and fixation. Cunningham idealizes this bone-fixator system as two springs placed in 
parallel. As the fracture zone heals, the tissue stiffens allowing greater load to be taken by the 
healing bone and reducing the proportion of load taken by the fixation device. In practice, a 195	
transducer is applied to the fixator to measure fixator loading, from which the stiffness of the 
healing bone may be calculated. Tissue stiffness (KT) is a function of applied load (P), fixator 
stiffness (KF) and fixator reaction force (RF) or deformation (x).16 The applied load is either 
controlled or measured, fixator force or deformation is measured by a transducer attached to 
the fixator, and fixator stiffness is determined before use. Tissue stiffness is thereby indirectly 200	
derived through Equations 1 or 2. 
KT = KF (P/ RF – 1)  Equation 1 
KT = (P/ x) - KF  Equation 2 
Burny et al.22 applied indirect methods to characterise the progression of healing. By 
measuring fixator rod (external) deformation over healing time, they could characterise 205	
patterns associated with normal healing as well as identify abnormal progress (e.g. slow, 
delayed or arrested etc.). The same principle as been adapted for internal fixation, similarly 
showing the ability to identify normal and delayed healing.23 
Comparing the two discussed approaches to stiffness measurement (indirect and direct), 
Richardson17 commented that the direct method was preferred because its accuracy was less 210	
disturbed by pin loosening; as the goniometer is highly flexible, displacement from loose pins 
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becomes relatively small. However, goniometer devices are highly dependent on accurate set-
up, particularly as these devices have to be reattached and configured for each 
measurement.18 Having to remove the fixator to take measurements, and the care required 
during set-up suggests that goniometers would be impractical for preclinical animal models.  215	
The reliability of stiffness measurements – for both direct and indirect methods – is also 
affected by the unique properties over time of healing tissues. Healing not only evolves from 
weak and flexible to strong and stiff, it also changes from fluid-like (sensitive to load rate) 
and plastic (vulnerable to permanent deformation) to rigid and elastic (able to recover from 
deformation) with time. This means that stiffness results will vary with load-rate, and 220	
measurements (which require bending the healing bone tissue) may damage the tissue during 
the early stages of healing.19,24 The measured stiffness has also been found to be dependent 
on the measurement plane.10,19 
Furthermore, unlike the direct method where a known quantity of load is applied, the indirect 
method typically measures fixator deformation during an activity such as gait. If this is the 225	
case, care must be taken with respect to the interpretation, because for the same activity the 
degree of weight-bearing will influence the measurement. The best practise would be to 
measure at least the ground reaction forces to determine any unloading of the limb. 
Practically, these findings indicate that monitoring stiffness can be useful in assessing healing 
progression – as studies have shown in non-critical sized defects17,22 –  but stiffness must be 230	
measured with respect to the inhomogeneous and nonlinear properties of bone. Specifically, 
stiffness measurements will be most effective under a consistent load-rate, relatively high and 
consistent load and with multi-planar measurements.  
These points considered, the accumulative advantages and disadvantages of direct and 
indirect methods are outlined in Table 1. Overall, the direct approach is possibly more 235	
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accurate (when performed correctly) but impractical. The indirect approach is far more 
practical and can be used at earlier time-points, as it is less damaging to the healing tissue.  
While the healing of large segmental bone defects augmented by a tissue engineering 
approach heals via a different mechanism than a fracture, it is expected that the same 
principal (increasing stiffness with healing) would also hold for critical sized defects. 240	
However, whether the stiffness curve would take the same characteristic sigmoid shape is yet 
to be determined. 
Deformation 
A change in mechanical integrity will also result in a change in the deformation behaviour of 
the defect. Stiffness is the ratio of load to deformation (k = F/δ), therefore the change in 245	
deformation will be inversely proportional to the change in stiffness. Consequently, if bone 
healing is assessable by change in tissue stiffness, it is also assessable by change in defect 
deformation.  
Among fracture healing studies, deformation has most commonly been measured in vivo to 
investigate the effect of the mechanical environment on healing.20,25–36 In these studies, 250	
deformation of osteotomised gaps – the defect configuration most typically used in fracture 
healing research – was measured in terms of inter-fragmentary movement (IFM). IFM is a 
measure of the relative motion of the fracture fragments. 
Claes et al.26 used IFM to document the healing progress in osteotomised sheep tibiae – 
finding a decrease in IFM in all animals during the observed healing period. Deformation of 255	
the defect was measured indirectly via a linear variable displacement transducer (LVDT) 
embedded in an axial telescoping fixator. Generally however, when IFM is being referred to, 
it’s a more comprehensive analysis of the combined shear and axial movements and the 
bending and torsional rotations. This requires measuring the translational displacement in 
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three orthogonal directions and rotational displacement about three orthogonal axes (6 260	
degrees of freedom). Displacement transducers with 6 degrees of freedom do exist, and have 
been used to monitor IFM37,38, other studies have used the optical tracking approach28,30–
32,39,40. Optical tracking detects the movement of reflective markers attached to the bone via 
bone pins, capturing 6 degrees of motion. Although able to track motion dynamically, the 
optical tracking method is restricted by the relatively small field of view of the motion 265	
capturing system, which means that motion cannot be tracked for an entire gait or successive 
gait cycles. This limitation can be overcome by training the animal to walk on a treadmill so 
that dynamic movement can be captured while the animal is in place; however treadmills 
pose an additional expense. 
A third, but not widely used method for measuring IFM is Röntgen stereophotogrammetric 270	
analysis (RSA).41–44 RSA locates implanted markers (tantalum beads) radiographically, so 
that for example movement between bone fragments pre and post load may be established. 
The major limitation of RSA is that it cannot track dynamic motion. An advantage of RSA is 
that it does not require transcutaneous bone pins to attach optical markers or displacement 
transducers which can be a source of infection and require routine pin-site cleaning. 275	
Deformation measurements [when not coupled with ground reaction force (GRF) 
measurements] rely on the assumption that limb loading is consistent during walking; this 
may be true once the animals return to full weight bearing which usually takes between 
weeks and months depending on the size of defect and the regeneration potential of the bone 
graft. Hence, the data set acquired before the animal goes into full load bearing should be 280	
carefully interpreted. Furthermore, due to the small (micrometer) scale of these movements, 
they require high accuracy systems, which are difficult to optimize and maintain. Moreover, 
current approaches only consider a few discrete time-points for conducting the 
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measurements. Variances in limb loading at the time of measurement have considerable 
effect on the results and may contribute to a high scattering. 285	
Limb-loading 
Limb-loading is related to stiffness in that the animal will alter the way it loads its limb 
according to the pain response associated with an instable defect. As the tissue stiffens the 
limb becomes more stable and the animal is more inclined to use the limb. Consequently, 
limb-loading habits may indicate the healing course of bone defects. Limb-loading is 290	
typically assessed by the measurement of the ground reaction forces (GRF) of the limb in 
question during walking across a force plate or pressure sensitive platform. GRFs can also be 
measured from portable devices involving pressure sensors attached to the foot – as was 
demonstrated in a small patient trial.45 Essentially, GRFs indicate the amount of weight 
experienced by the limb as the animal walks – which will vary depending on gait. For 295	
instance, the magnitude of limb loading typically decreases in the affected limb if the animal 
limps as compared to a normal gait.39  
The major critique of monitoring healing through GRF’s is that load bearing is a voluntary 
action subject to the animal’s individual response to pain, consequently it is unclear how 
reliable a GRF measurement is in reflecting the actual state of the healing tissue. Seebeck  et 300	
al.39 is one of the few who have examined the relationship between the condition of the 
healing tissue and limb loading. Seebeck assessed limb-loading and IFM weekly in a sheep 
tibial study, using a pressure sensitive platform and optical markers (Figure 10).39 It was 
found that the recovery of weight bearing was correlated with the course of callus 
mineralisation and therefore reflected stiffness recovery. Similar findings have also been 305	
found clinically.45–47 Hence, limb-loading measurements could be a useful approach to 
monitoring healing progression.  
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Characterising the Mechanical Environment 
Adequate blood supply and a stable mechanical environment are essential for bone healing. 
The healing outcome is sensitive to the magnitude, frequency, direction, rate, number of 310	
cycles and timing of the mechanical stimulus.48 This has been shown with the application of 
defined deformation49–51 or loading52–55 regimens and by interfering with an animal’s ability 
to weight-bear56–58. Mechanobiology is the study of how mechanical stimuli influence 
biological processes. During bone regeneration, the local mechanical environment influences 
the proliferation and differentiation of repair tissue. Therefore, characterising the mechanical 315	
environment may help to explain variability in the results of preclinical studies and identify 
loading behaviour conducive or disruptive to healing. Methods for characterising the 
mechanical environment are discussed here.  
Mechanical Stimulus 
The local mechanical environment (strain, pressure, fluid flow, etc.) is the most direct 320	
measure of the mechanical stimulus. However, a direct measure of mechanical stimuli in 
healing tissue is difficult to achieve, the most significant issue being that the measurement 
transducer interferes with healing. Insertion of probes into healing tissue can cause localised 
bleeding and inflammation which initiate a signalling cascade of growth factors that can 
influence repair. If probes are left in place they can initiate a foreign body reaction resulting 325	
in fibrous encapsulation of the sensor, this both changes the responses in the healing tissue 
and isolates the probe from the intended measurement environment. Pressure probes have 
been used to measure the pressure fluctuations in a healing callus during gait in sheep.59 
Whilst a strong correlation was found between the pressure fluctuation and the 
interfragmentary movement, the magnitude of the pressure is highly dependent on the 330	
position of the probe within the callus. The distribution of mechanical stimuli within the 
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healing tissue is highly inhomogeneous. The point wise information collected by probes is 
therefore not sufficient to describe the complex spatial distribution of mechanical stimuli in a 
defect. 
Deformation and Loading 335	
In the Monitoring Healing Progression section, methods to measure the deformation (IFM) 
and limb-loading (GRF) were described. These same methods have also been applied to 
characterise the mechanical boundary conditions in the defect and loading at the limb level 
respectively.30–32,39 Although these methods have the potential to provide useful information 
at the level of the defect, their application is limited due to the time-intensive nature of a 340	
measurement session. Hence, measurements are typically limited to one activity (i.e. gait) and 
performed once per week. This approach assumes that the magnitude of IFM during gait and 
the related mechanical stimuli are the principle drivers of tissue development. Whilst gait 
may be the most frequently occurring load activity, there are other activities that may create 
higher loads such as running, jumping etc. These methods do not therefore characterise the 345	
entire load history, which includes the full spectrum of activities as well as their frequency. 
Activity  
Another approach would be to monitor activity. Assuming fracture sizes and fixation devices 
are the same, the mechanical environment created by the activities of individual animals 
should be comparable. So if the precise IFM/load details are not important to the study, 350	
measuring activity could achieve the stated aims: namely to identify variability in the 
mechanical environment and identify both helpful and damaging loading behaviours.  
Compared with limb loading and deformation measurements, activity monitoring may be far 
more practical for characterising the load history. Animal activity can be defined and 
measured in multiple ways. It can be described by a basic activity count (e.g. distance 355	
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travelled or steps taken) or with respect to specific activities e.g. time spent walking, sitting, 
standing. Counting the distance travelled or the number of steps taken is much simpler than 
characterizing specific activities. The most suitable method for achieving such a count will 
depend on the type (outdoor or indoor) and amount of space the animals are confined to. 
Activity monitoring is easily applied in fracture healing studies on small animals (i.e. rats). 360	
Laboratory cages can be equipped to quantify movement using infrared sensors60–63 or Radio 
frequency identification devices (RFID)61. Using infrared sensors, an activity count is 
registered each time the animal crosses a photo-beam. A reading is made when the RFID tags 
on an animal comes within range of a RFID reader. RFID readers have been used to monitor 
wild animals and livestock.64 However the requirements for characterising grazing patterns 365	
and migration are different to those of capturing activity or load history. Using RFID to track 
activity in larger outdoor spaces requires multiple readers being installed within the animal 
yard, which may be impractical. An indoor cage makes power, data storage and maintenance 
requirements less of an issue. The greatest benefit of monitoring the activity of animals 
confined to a lab is that they may be monitored by instrumenting the environment rather than 370	
the animals. When it comes to larger spaces, it is more feasible to utilize devices that are 
fixed on the animal. 
Large animals are sometimes kept outdoors in fenced yards. Measuring the activity count of 
animals in these situations requires independent devices that can be attached to the animals 
preferably for extensive periods of time. Such devices must be robust, low maintenance and 375	
require long battery lives and a sizeable storage capacity. One approach to monitoring animal 
activity within large, outdoor spaces is to measure the distance travelled. This may be 
achieved using Global Navigation Satellite Systems [GNSS, which is the generic term for the 
Global Positioning System (GPS) specific to the United States]. GNSS receivers commonly 
found in smart phones and navigation devices, use satellites to locate positional coordinates, 380	
17	
	
from which Geographic Information System (GIS) software can be used to analyse and map 
the geospatial data. This approach has been used for ecological research65–67 and livestock 
studies66,68. The number of steps taken is another useful activity count, which may be done 
using pedometers (also available in a variety of forms) – provided it can be shown that they 
can accurately count the steps of animals. 385	
General activity counts could indicate whether Animal A was more active than Animal B, 
inferring that the bone defect in Animal A was stimulated more frequently. However, this 
method cannot differentiate between different magnitudes of loading – which is considered 
by some to be more influential on healing.55,69 For instance changes in gait or other activities 
(jumping, standing or sitting) cannot be captured, which create different loads to normal 390	
walking – as has been shown in humans.70,71  
Accelerometers are the most widely used devices for profiling daily activities, used in both 
animal research72–74 and for human activity profiling72,75–78. Modern accelerometers measure 
acceleration in three planes, and being small and light-weight can be attached to the body to 
capture movement and posture. The resulting data requires processing through post-395	
processing algorithms in order to characterise various activities. Classification algorithms 
need to be species specific, as acceleration patterns will differ between different kinds of 
animals (e.g. bipeds versus quadrupeds). An accelerometer based system designed 
specifically for monitoring sheep could provide valuable insight into animal activity in 
preclinical models for bone tissue engineering.  400	
Towards a system engineering approach to monitor healing in a validated Preclinical 
Animal Model 
A system to monitor the progression of healing and characterise the mechanical environment 
in preclinical models for tissue engineering also needs to consider current defect models 
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being used in TE research. Our research group at the Institute of Health and Biomedical 405	
Innovation, Queensland University of Technology (Brisbane, Australia) recently established 
a preclinical segmental bone defect ovine model.79 This model has been used in numerous 
studies investigating various combinations of TECs.80–82 It has proven to be a reliable model 
with a very low complication rate. Therefore, our solution to monitor healing should be 
compatible with this model as a) it’s an established model and b) continuing with the model 410	
allows comparison with past studies. The model consists of 30 mm mid-shaft osteotomy in 
the sheep tibia, fixed with a 4.5mm broad stainless steel dynamic compression plate (DCP). 
Monitoring Healing Progression 
The most promising method for monitoring the progression of healing is an indirect method, 
which involves instrumenting the plate fixation to measure strain. To our knowledge this is 415	
the first attempt to instrument a DCP plate to monitor healing in a large segmental defect 
model. Where others have designed new fixation devices with built in sensors23,83,84, our 
device is a simple, removable attachment, which can be fixed to the DCP without affecting its 
mechanical integrity. As opposed to fracture healing studies, where the tissue in the defect 
exhibits very low stiffness, TECs in preclinical models may be comparatively rigid. 420	
Therefore, it needs to be determined if strain measurement on the plate fixation is sufficiently 
sensitive to distinguish between the initial and healed states. The DCP was secured to a 
cylindrical bone analogue and tested under bending loads, for three scenarios: a 30 mm 
defect, 30mm defect with a medical grade polycaprolactone (mPCL) scaffold and intact. A 
clear difference in strain on the upper surface of the plate was found between the initial and 425	
healed (intact) conditions. This indicated that the plate strain is sufficiently sensitive to 
changes in the stiffness of defect to monitor the progression of healing, and encouraged 
further development of the concept in a preclinical sheep study. 
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An implantable sensor system (AO Fracture Monitor, AO Research Institute Davos, Davos, 
Switzerland) has been adapted for the DCP plate fixator used by our research group. In vitro 430	
testing has been completed, and animal study is currently underway collecting in vivo data. 
The AO Fracture Monitor was attached to the DCP plate of six sheep during surgery. 
Confined in a sealed housing, it consists of a strain-gauge to measure plate deflection and an 
electronic data processing and transmission unit.85 Unlike other instrumented fixation devices 
that rely on external induction power23, the device allows continual monitoring of plate 435	
deformation for several months enabled by an on board battery. Recorded data is collected 
using an RFID reader. Besides the healing progression measurement, it also provides animal 
activity data such as number of loading cycles within certain time intervals and intensity 
ranges. The implantable sensor system collects the average DCP load magnitude and number 
of loading cycles over six hours, daily, over the entire healing period. For the first time, we 440	
have a system which allows us to capture the progression of healing and activity levels across 
all three healing phases in an established pre-clinical model (Figure 4).  
Characterising the Mechanical Environment 
To characterise the mechanical environment, the facilities in which the animals are kept 
should be considered. The Institute of Health and Biomedical Innovation keeps sheep at two -445	
separate facilities – a small enclosed yard approximately 250 square metres where the 
animal’s can be closely monitored for up to 3 months post-operatively, and a larger facility, 
approximately 50,000 square metres where the animals spend the remainder of the study time 
(up to a year). The larger yard is too big to be affordably fitted with a sufficient RFID 
tracking system, so an on body system is preferred. Trials were performed to investigate the 450	
use of pedometers, GPS and accelerometers and determine which provided the best measure 
of activity. 
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A body harness was used to secure four pedometers to an uninjured merino sheep, which was 
encouraged to walk around the animal yard. The step counts from each pedometer were then 
compared with the manual counts taken by two observers using a hand held counter. The 455	
pedometers were able to provide a reasonable estimation of step count with an accuracy of 
112 ± 8 % (pedometer count / observer count). The pedometers could be a useful tool for 
estimating step counts, however as they do not keep time a real-time loading history cannot 
be recorded. 
Seven GPS devices (Catnip Technologies, Ltd, Anderson, USA) – designed for tracking pets 460	
– were walked around the perimeter of the animal yard and the distance logged was 
compared with the manually measured distance. The GPS devices tended to underestimate 
the distance travelled (accuracy of 78 ± 7 %) and had drop out periods where no signal could 
be obtained. The GPS devices could track the distance travelled provided movements were 
fairly linear and continuous. The stop and start movements over short distances, typical of 465	
grazing sheep, would be difficult to capture using GPS.       
Accelerometers were secured to a body harness during two, 20 minute, filmed activity 
sessions. From aligning the data set with the video footage, samples of walking, running and 
standing data were extracted from the data set. This data was then used to establish a pattern 
recognition algorithm using the neural network toolbox of Matlab (The Mathworks Inc., 470	
Chatswood, Australia). The pattern recognition algorithm was able to accurately 
distinguishing between both standing and moving (99.9 %) and walking and running (94 ± 2 
%). Inertial sensors have the potential to provide an activity specific, real-time loading 
history whereas pedometers and GPS can only provide a basic activity count. Given the 
promising results, accelerometers are being further investigated as a method for monitoring 475	
sheep activity in the form of an activity monitoring harness. The sheep instrumented with 
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implantable fracture monitors (as previously described), were also fitted with activity 
monitors (Sabel Sense, Griffith University) for weekly periods. The activity monitors will 
allow us for the first time to monitor the mechanical environment in each animal over the 
three phases of healing, and detect any abnormal or extreme loading cases which might affect 480	
the final healing outcomes (Figure 5).  
Future Perspectives 
Preclinical studies investigating TECs in bone defects could be enhanced with the 
introduction of methods for monitoring healing progression and characterising the 
mechanical environment. Monitoring healing progression could reveal the overall healing 485	
patterns of individual animals, including the healing rate and any complications which may 
occur. This would be particularly useful for understanding the real-time effects of a particular 
TE strategy, and in explaining variations in final healing outcomes.   
Interpreting healing results could be further improved by characterising the mechanical 
environment. This characterisation whilst also monitoring healing, could demonstrate how 490	
the mechanical environment influences the healing process. It may explain whether 
differences in daily activities result in different healing outcomes; which is yet to be 
established in TE studies. Monitoring the mechanical environment may also permit 
incidences of extreme loading to be captured i.e. a sudden fall may result in a re-fracture. 
Monitoring both the mechanical environment and the healing process would allow this event 495	
to be captured. 
Of the various methods available for monitoring healing, the indirect approach, whereby 
healing is monitored through instrumented fixation was considered the most viable. To 
achieve this, the most pragmatic approach would be to develop a device which could 
transform current fixation devices into measuring tools. This would provide a method for 500	
22	
	
monitoring healing which could be used with previously established preclinical models. To 
characterise the mechanical environment, an on-board monitoring system is preferred for the 
types of large animals used in TE studies. With recent advances in microchip technology and 
sudden onslaught of health and fitness monitoring devices, this is now more achievable than 
ever.  The primary challenge lies in adapting these methods for specific animals.  505	
In developing these methods, the limitations of research groups must be considered; such as 
time constraints and limited budgets and infrastructure and manpower resources. The 
developed methods/devices must not be overly costly or time consuming to implement. 
Furthermore, given the varied expertise within tissue engineering groups, is also important 
that the developed methods/devices are user friendly and reliable; devices requiring complex 510	
set-up and calibration may be incorrectly used or not adopted at all. Our group is currently 
investigating the development of such devices, with a view to implement the developed 
systems in future preclinical studies.  
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